Abstract. Based on the TC track ensemble forecast data of China Meteorological Administration (CMA), European Centre for Medium-Range Weather Fore-casts (ECMWF), Japan Meteorological Agency (JMA), and United Kingdom Met Office (UKMO) in the TIGGE dataset during the period from 1 May until 31 August 2009, the 24h~72h multimodel ensemble forecasts of the TC tracks over the western Pacific have been conducted by using the multimodel superensemble approaches including the multimodel ensemble mean (EMN), the bias-removed ensemble mean (BREM), and multimodel superensemble in terms of the weighted bias-removed ensemble mean (WEM). A terrifying typhoon Morakot which brought record-breaking rainfalls over Taiwan and caused huge damages in both Taiwan and mainland China was chosen for case study. The results show that forecast skills of the aforementioned four models are quite different for 24h~72h forecasts. The weighted bias-removed ensemble mean and bias-removed ensemble mean reduce the TC track errors considerably. Both of the WEM and BREM techniques show a significant improvement on the forecast skill of TC tracks against the best individual model forecast and the EMN forecast. The multimodel superensemble in terms of the WEM shows the best performance in 24h~72h forecast of TC tracks over the western Pacific. In addition, the multimodel superensemble in terms of the weighted average of different individual model forecasts has better performance than the bias-removed ensemble mean with equal weights of all independent forecasts.
Introduction
Accurate tropical cyclone (TC) forecasts are of importance for the decision making of the energy industry, as the TCs in the coastal regions and the landing typhoons may ominously affect the efficiency of the State Grid Department and the safety of power distribution network. Significant improvements in the model forecasting of TC tracks in the South China Sea and the western North Pacific have been acquired during the past decades [1] . The technologies of data assimilation and ensemble forecasting, as well as satellite observations, numerical forecasting of TC tracks have been improved considerably, in which multimodel ensemble forecasts have played an important role in improving both the accuracy of deterministic forecasts and providing probabilistic information on forecast uncertainties [2, 3, 4, 5] . Georss [6] found that assigning equal weights (EW) to all the independent forecasts given by different models may produce a multimodel consensus forecast, which performs much better than the best individual forecasts in the long run. Krishnamurti et al. [7] postulated a so called multimodel superensemble approach which can considerably improve the forecast skills compared with individual models and multimodel ensemble mean. Since then, a series of studies have demonstrated that the multimodel ensemble forecasting method is a very effective post-processing technique able to reduce direct model output errors [8, 9, 10, 11, 12, 13] . However, it could be possible for an individual model to outperform a multimodel ensemble containing poor models [14] . Scientists have also applied different multimodel consensus forecast techniques in TC track and intensity forecasts successfully [5, 15, 16, 17, 18, 19] .
This study utilizes the forecast data of TC tracks over the western Pacific derived from the TIGGE archives and the Joint Typhoon Warning Center (JTWC) best track data to perform forecasting experiments of TC tracks over the western Pacific with different multimodel ensemble approaches including multimodel ensemble mean with equal weights, bias-removed ensemble mean as well as multimodel superensemble based on weighted bias-removed ensemble mean.
Data and Methodology

Data
The THORPEX Interactive Grand Global Ensemble (TIGGE) is a key component of The Observing System Research and Predictability Experiment (THORPEX)-a worldwide weather research program to enhance the accuracy of 1-day to 2-week high-impact weather forecasts for the benefit of society, the economy and the environment [20] . Ensemble forecast data of TC tracks from China Meteorological Administration (CMA), European Centre for Medium-Range Weather Forecasts (ECMWF), Japan Meteorological Agency (JMA), and United Kingdom Met Office (UKMO) in the TIGGE data archive portal were used for the investigation of the multimodel consensus forecasts of TC tracks over the western Pacific. The verification data of the TC tracks came from the best track datasets provided by the Joint Typhoon Warning Center. The forecast data and the observed data were chosen for the period from 1 May through 31 August 2009 when most tropical cyclones occurred in the year. Ensemble forecasts of the TC tracks in the aforementioned four operational forecast centers were conducted twice a day at 00 UTC and 12 UTC, respectively.
Multimodel Ensemble Forecast Techniques
First of all, we calculate the average of the ensemble member forecasts to represent the forecast value of individual models. The forecast experiments of the TC tracks were conducted by using multimodel ensemble mean (EMN), bias-removed ensemble mean (BREM), and multimodel superensemble in terms of the weighted bias-removed ensemble mean (WEM), respectively.
where i is the weight which is determined by the multiplicative inverse of the model errors in the training period after Zhou and Zhi [18] .
Verification Methods
The mean absolute error (MAE) is employed to verify the individual model forecasts and the multimodel ensemble forecasts, which is formulated by
where F i denotes the forecast values of the TC track, O i represents the observed value based on the JTWC best track data, and N is the total sampling number.
Results
TC Track Forecasts of Individual Models and Multimodel Ensemble
There are 11 tropical cyclones over the western Pacific from May to August 2009. The life cycles of these TCs range from 3 to 8 days, in which the typhoon Morakot has the longest duration. As shown in Figure 1 , the forecast error grows with increasing lead time for all individual models. The ECMWF 24h forecast error of the TC track in terms of the mean absolute error (MAE) is relatively larger than those of other three model forecasts, reaching around 140km, while the JMA model has the least error of 24h TC track forecast among four models. However, for 48h forecasts, the CMA forecast error is significantly larger than those of the other three models, reaching around 230km, while the JMA forecast error of the TC track is the smallest among four models. Therefore, the JMA has the best performance in terms of MAE of the 24h-48h TC track forecast. For 72h forecasts, the CMA forecast error is still the largest one among four models, reaching around 300 km, while the UKMO forecast has the smallest error. In addition, the least error of four models is about 110 km, 195km, 275km for 24h, 48h, and 72h TC track forecasts, respectively. Therefore, the forecast skills of four models are quite different from each other. In particular, the CMA forecasts of TC tracks need to be extensively improved.
From the above analysis, we found that the forecasts of each model have significant errors compared with the JTWC best track data. Nevertheless, three multimodel ensemble forecast approaches, namely, EMN, BREM, and WEM can reduce the 24-48h forecast errors of each individual model. Among three multimodel ensemble techniques, the superensemble in terms of the WEM has the highest forecast skill, which reduces the MAE by 19%, 11%, and 13% for 24h, 48h and 72h forecast of the TC tracks, respectively, compared with the best individual model. Although the EMN may also slightly improve the 24-48h forecast skills compared with each individual model, its forecast skill is lower than those of the BREM and WEM. For 72h forecasts, the UKMO and JMA individual model forecasts outperform the EMN forecast. He et al. [5] indicated that the multimodel ensemble forecasts using Kalman Filter can also reduce the forecast errors of the TC tracks substantially against the best individual models. However, in some rare cases, the multimodel ensemble forecasts could have larger errors than the best individual model forecast. It should be noted that the WEM technique may reduce the forecast error of the TC track by about 20%-40% against the individual models with the largest errors for 24-72h track forecasts. It is a remarkable improvement on the forecast skill of the TC tracks.
In addition, the WEM forecasts outperform the BREM forecasts for 24-72h forecasts of the TC tracks, indicating that the weighted average of different individual model forecasts has better performance than the bias-removed ensemble mean with equal weights of all independent forecasts.
Case Study of the Typhoon Morakot Track Forecasts
In this study, we chose the typhoon Morakot for a case study. From Figure 2 , we can see that most TC track forecasts of individual models have track anomalies on the right-hand side of the JTWC best track except the UKMO forecasts in the late phase of the TC activities. The sudden turn in the movement direction of the UKMO forecasts for typhoon Morakot is difficult to explain. Even the JMA model which has the best performance in terms of 24-48h forecast error among the four models sometimes has larger forecast error compared with other models. As a whole, the TC tracks of 24-72h multimodel ensemble forecasts are more approaching the JTWC best tracks, where the WEM forecast has the best performance. Even though the multimodel ensemble forecasts considerably improve the forecast skill of the TC tracks, the forecasted track is located mainly on the right-hand side of the JTWC best track. This indicates that the individual models have systematic forecast errors. In addition, it's clear that the spread of the TC track forecasts of different models for 48h is larger than that for 24h, and the spread of the 72h TC track forecasts is larger than that of 48h forecasts. The UKMO forecasts are significantly different from those of other three models, which shaped the TC track on the right-hand side of the JTWC best track on the first few days, then on the left-hand side of the JTWC best track after the typhoon landed on Taiwan. The uncertainty of the TC track forecast becomes increasingly large with longer lead time. 
Summary
Based on CMA, ECMWF, JMA, and UKMO ensemble forecast data of the TC tracks in the TIGGE archive, multimodel ensemble forecasts of TC tracks over the western Pacific have been conducted. In addition, a case study on the track forecasts of the typhoon Morakot was carried out by using different multimodel ensemble approaches. The main results are summarized as follows.
(1) During the summer 2009, the forecast skills of TC tracks of individual models are quite different. For 24-48h TC track forecasts, the JMA model has the largest forecast skill among four models. However, the UKMO model slightly outperforms the JMA model for the 72h TC track forecasts. The least MAE of four individual models is around 110 km, 195km, 275km for 24h, 48h, and 72h TC track forecasts, respectively. The CMA 48-72h forecasts of TC tracks have relatively larger forecast errors and need to be extensively improved.
(2) Among three multimodel ensemble techniques, the superensemble forecast based on the WEM approach has the best performance, which reduces the MAE by 19%, 11%, and 13% for 24h, 48h and 72h forecasts of the TC tracks, respectively, compared with the best individual model. It should be noted that the WEM technique may reduce the forecast error of the TC track by about 20%-40% against the individual models with the largest errors for 24-72h track forecasts. In addition, the weighted average of different individual model forecasts has better performance than the bias-removed ensemble mean with equal weights of all independent forecasts.
(3) Case study on the TC track forecast of the typhoon Morakot shows that the TC tracks of multimodel ensemble forecasts are more approaching the JTWC best track. Particularly, the WEM forecast has the best performance among three multimodel ensemble techniques. Even though the multimodel ensemble forecasts significantly improve the skill of the TC track forecast, the forecasted TC track is located generally on the right-hand side of the JTWC best track. This indicates that the individual models have systematic forecast errors. The uncertainty of the TC track forecast becomes increasingly large with longer lead time. It may be attributed to the larger spread of different individual model forecasts which is favorable for the multimodel ensemble forecast.
